Autophagy has evolved as a conserving process that uses bulk degradation and recycling of cytoplasmic components, such as long-lived proteins and organelles. In the heart, autophagy is important for the turnover of organelles at low basal levels under normal conditions and it is upregulated in response to stresses such as ischemia/reperfusion and in cardiovascular diseases such as heart failure. Cardiac remodeling involves increased rates of cardiomyocyte cell death and precedes heart failure. The simultaneously occurring multiple features of failing hearts include not only apoptosis and necrosis but also autophagy as well. However, it has been unclear as to whether autophagy is a sign of failed cardiomyocyte repair or is a suicide pathway for failing cardiomyocytes. The functional role of autophagy during ischemia/reperfusion in the heart is complex. It has also been unclear whether autophagy is protective or detrimental in response to ischemia/reperfusion in the heart. In this review, we will summarize the role of autophagy in the heart under both normal conditions and in response to stress.
Introduction
Autophagy has evolved as a conserving process for bulk degradation and recycling of cytoplasmic components, such as long-lived proteins and organelles. In nutrient-deprived cells, autophagy is a cell-survival mechanism. [1] [2] [3] There are three main autophagic pathways: macroautophagy, 4 ,5 microautophagy 6 and chaperon-mediated autophagy. 7 Macroautophagy is the most prevalent form. Autophagy involves sequestration of cytosolic constituents, including proteins and organelles, in autophagosomes. The autophagosomes fuse with lysosomes to form autolysosomes ( Figure 1 ). Class I phosphoinositide 3-kinase (PI3K), the mammalian target of rapamycin (mTOR) pathway, that acts to inhibit autophagy is the well characterized. Autophagy is controlled by autophagyrelated genes (Atgs), many of which are involved in autophagosome formation. Beclin1 (Atg6) and class III PI3K are needed for the vesicle (called isolation membrane) nucleation step of autophagy. The vesicle elongation process features two conjugation systems that are well-conserved among eukaryotes. One pathway involves the conjugation of Atg12 to Atg5 with the help of Atg7 and Atg10. The second pathway involves the conjugation of phosphatidylethanolamine to Atg8 (microtubule-associated protein 1 light chain 3; LC3) by the sequential action of Atg4, Atg7 and Atg3. 1, 8 The conjugation leads to the conversion of the soluble form of LC3 (LC3-I) to the autophagic vesicle-associated form (LC3-II), which is used as a marker of autophagy.
Autophagy plays the role of a cell survival mechanism. Recent studies have demonstrated a variety of physiological and pathophysiological roles in autophagy such as adaptation to nutrient deprivation, intracellular clearance of protein and organelles, elimination of microorganelles including mitochondria, and maintenance of endoplasmic reticulum (ER). Inactivation of Atg genes can cause cell death during in vivo experiments. Mice deficient in Atg5 express a nearly normal phenotype at birth, but die within 1 day of delivery. 9 One probable explanation is that neonates face severe nutrient deprivation until lactation is fully established. Atg7-deficient mice also die within 1 day after birth for the same reason as Atg5-deficient mice. 10 Homozygous beclin1-deficient (beclin1 À/À ) mice are embryonic lethal at 7.5-8.5 days of embryogenesis. 11 Paradoxically, autophagy also appears to modulate cell death through excessive self-digestion and degradation of essential cellular constituents. 12, 13 Autophagy plays an important role in the heart. For example, autophagy is important for the turnover of organelles at low basal levels under normal conditions. 2 In the heart, the level of autophagy is altered not only in response to stress such as ischemia/reperfusion 14, 15 but also to stress triggered by cardiovascular diseases such as cardiac hypertrophy 16 and heart failure. 17, 18 Heart failure is preceded by a process termed cardiac remodeling, which encompasses the aggregate of compensatory structural and functional changes in response to stress on the chamber wall. The process involves increased rates of cardiomyocyte cell death. Clinically, heart failure has become the dominant cardiovascular disorder in the Western world despite significant advances in the medical and surgical treatment of heart failure. [19] [20] [21] To prevent progression of cardiac remodeling and heart failure, it is imperative to have a full understanding of the cell death mechanism regarding not only apoptosis and necrosis but also autophagy in cardiomyocytes, and to possess the ability to identify potential therapeutic targets. The multiple features of apoptosis, necrosis and autophagy have been simultaneously observed in failing human hearts. 22, 23 However, it has been unclear whether autophagy is a sign of failed cardiomyocyte repair or is a suicide pathway for failing cardiomyocytes. The functional role of autophagy during ischemia/reperfusion in the heart is complex. It has also been unclear whether autophagy is protective or detrimental in response to ischemia/reperfusion in the heart. In this review, we will summarize the role of autophagy in response to stress in the heart.
Autophagy in the Heart
Under normal or mildly stressed conditions, autophagy degrades and recycles cytoplasmic components, such as long-lived proteins and organelles, and selectively removes damaged mitochondria as a cytoprotective mechanism. 24 As damaged mitochondria release pro-apoptotic factors such as cytochrome c, 25 autophagy can prevent activation of apoptosis. 26, 27 We investigated the role of autophagy in the heart's basal state because cardiomyocytes are mitochondria rich. In earlier reports regarding autophagy in the heart's basal state, it appears to play a protective role in cardiomyocytes. Enhancing autophagy by beclin1 overexpression reduces Bax activation and protects against ischemia/reperfusion injury in cardiac HL-1 cells.
14 Lysosome-associated membrane protein 2 (LAMP2)-deficient mice show excessive accumulation of autophagic vacuoles and impaired autophagic degradation of long-lived proteins, resulting in cardiomyopathy. 18, 28 In our examination, autophagy appears to play a protective role in cardiomyocytes. We infected rat neonatal cardiomyocytes with an adenovirus expressing short hairpin RNA (shRNA) targeted to Atg7 (Ad-Atg7-RNAi), encoding the protein Atg7 that is essential for autophagosome formation. Ad-Atg7-RNAi reduces the viable cell number compared with adenovirus expressing nonspecific shRNA. 29 Furthermore, isolated adult cardiomyocytes from cardiac-specific Atg5-deficient hearts are more susceptible than cardiomyocytes isolated from wild-type hearts to isoproterenol. 29 Temporally controlled cardiac-specific Atg5 deficiency by tamoxifentreated Atg5 flox/flox ;MerCreMer þ mice 30 leads to left ventricular dilatation and contractile dysfunction (Figure 2a) . 29 Ultra-structural analyses of Atg5-deficient hearts reveal a disorganized sarcomere structure, misalignment and aggregation of mitochondria, and aberrant concentric membranous structures (Figure 2b ). Inactivation of Atg5 causes the accumulation of abnormal proteins and organelles and promotes ER stress and apoptosis. These results indicate that constitutive cardiomyocyte autophagy is required for protein quality control and normal cellular structure and function under the basal state. Accumulation of abnormal proteins and organelles, especially mitochondria, may directly cause cardiac dysfunction. Figure 1 The roles of autophagy. Autophagy involves sequestration of cytosolic constituents, including proteins and organelles, in autophagosomes and degradation in autolysosomes. Autophagy is controlled by Atgs, many of which are involved in autophagosome formation. Autophagy is a cytoprotective mechanism such as recycling amino acids, removing damaged proteins and organelles, and maintaining ER 
Autophagy in Cardiac Hypertrophy
Cardiac hypertrophy is the consequence of an increase in cardiomyocyte size. As cardiomyocytes have little or no capacity for cellular proliferation, their only means of growth is by hypertrophy. Autophagy has been observed in hypertrophied myocardium. 31 In earlier reports, autophagy is diminished in response to aortic stenosis 16 and isoproterenol infusion, 32 although protein turnover is increased during hypertrophy. Pressure overload develops an increasing rate of myocardial protein synthesis and cardiac hypertrophy. 33 In our experiments, pressure overload due to transverse aortic constriction (TAC) induces hypertrophy without cardiac dysfunction 1 week after TAC in wild-type mice. 34 Autophagic activity is suppressed in TAC-induced hypertrophied hearts at the 1 week time point compared with that in sham-operated hearts ( Figure 3) . 29 This suggests that autophagic activity is reduced during compensative hypertrophic response. We have also reported that temporally controlled cardiacspecific Atg5 deficiency by tamoxifen-treated Atg5 flox/flox ; MerCreMer þ mice leads to cardiac hypertrophy. 29 Atg7 is also essential for autophagosome formation. Knockdown of Atg7 by Ad-Atg7-RNAi inhibits autophagy in rat neonatal cardiomyocytes and then induces cardiomyocyte hypertrophy with typical characteristics. 29 Rapamycin, a potent activator of autophagy, prevents cardiac hypertrophy induced by thyroid hormone treatment, 35 or aortic banding, 36 and regresses existing cardiac hypertrophy. 37 These suggest that a decrease in autophagy at the hypertrophied state facilitates cardiac hypertrophic response. However, cardiac hypertrophic response is similar between cardiac-specific Atg5-deficient mice and the control mice after TAC, suggesting that autophagy does not play a role in regulating the cardiomyocyte hypertrophy induced by pressure overload or that its function in the hypertrophic process is compensated by the action of other hypertrophic signaling mechanisms. The role of autophagy in cardiac hypertrophy remains to be elucidated.
Autophagy in Heart Failure
Autophagy has been observed in failing myocardium caused by dilated cardiomyopathy, 17, 22, 38 by valvular disease 39 and by ischemic heart disease. [40] [41] [42] In patients with terminal heart failure, secondary to ischemic cardiomyopathy or dilated cardiomyopathy, cellular degeneration with granular cytoplasmic ubiquitin inclusion is detected in 0.3% of the cardiomyocytes. 38 In human failing hearts with idiopathic dilated cardiomyopathy, the prevalence of autophagic, apoptotic and necrotic cells have also been observed. 22 In animal models, dead and dying cardiomyocytes showing characteristics of autophagy have also been observed. Cardiomyocytes obtained from UM-7.1 hamsters, which is the model of human dilated cardiomyopathy, contain typical autophagic vacuoles, including degraded mitochondria, glycogen granules and myelin-like figures. 43 In diphtheria toxin receptor transgenic mice, degenerated cardiomyocytes showing characteristics of autophagy have also been observed. 44 However, the question remains as to whether autophagy is a sign of failed cardiomyocyte repair or is a suicide pathway for the failing cardiomyocytes.
We examined the role of autophagy in cardiac remodeling during sustained pressure overload. In wild-type mice, pressure overload due to TAC induces heart failure 4 weeks after TAC. 34 Autophagy is upregulated in failing wild-type hearts at the 4-week time point (Figure 3) . 29 Cardiac-specific Atg5 deficiency by Atg5 flox/flox ;MLC2v-Cre þ mice causes cardiac dysfunction and left ventricular dilatation 1 week after TAC. 29 Polyubiquitinated proteins accumulate, ER stress is increased and apoptosis is promoted in Atg5-deficient hearts. Autophagy can also inhibit b-adrenergic stress-induced cell death in the heart. Infusion of isoproterenol for 7 days in Atg5 flox/flox ;MLC2v-Cre þ mice leads to left ventricular dilatation and contractile dysfunction compared to that in controls. Furthermore, isolated adult cardiomyocytes from Atg5 flox/flox ;MLC2v-Cre þ mouse hearts were more susceptible to isoproterenol than those from control hearts. These results indicate that upregulation of autophagy in failing hearts is an adaptive response that protects cells either from pressure overload or from isoproterenol stimulation. 29 
Mechanism of Autophagy in Remodeling Hearts
Accompanying oxidative stress, ER stress and changes in the ubiquitin-proteasomal system are intimately involved in the regulation of autophagy. Under normal or mildly stressed conditions, autophagy degrades and recycles cytoplasmic components, such as long-lived proteins and organelles for protein quality control. Although autophagy can remove damaged organelles such as mitochondria and maintain ER as a cytoprotective mechanism under increasing stress, 24, 45 pro-apoptotic factors are released from the damaged mitochondria, leading to apoptotic cell death. 25 In particular, in the absence of autophagy, the accumulation of polyubiquitinated proteins may be responsible for increased ER stress, resulting in apoptosis. 29 However, many of the autophagosomes contain mitochondria in the adult rat myocardium with severe stress such as ischemia/reperfusion, 27 suggesting that excessive autophagic activity induced by severe stimuli can destroy a large fraction of the cytosol and organelles and release apoptotic-related factors, leading to apoptotic cell death. Under severe pressure overload 46 and during reperfusion 15 in beclin1 þ /À hearts, autophagy plays a detrimental role. Under extreme stress, the mitochondrial membrane Figure 3 Autophagic activity in heart by pressure overload. Constitutive cardiomyocyte autophagy is a homeostatic mechanism for protein quality control and normal cardiac structure and function under the basal state. During compensative hypertrophic response, autophagic activity is reduced. However, in failing hearts, autophagic activity is upregulated, suggesting that autophagy prevents the accumulation of abnormal proteins or damaged organelles, which can disrupt cardiac function permeability transition (MPT), which is defined as the loss of transmembrane potential of the mitochondrial inner membrane, occurs in all damaged mitochondria and the intracellular supply of ATP is exhausted, leading to necrotic cell death. MPT can initiate autophagy of damaged mitochondria in hepatocytes. 47 Thus, characteristics of autophagy, apoptosis and necrosis can be simultaneously observed in failing hearts. 22 Several signaling pathways that are induced by common cellular stressors regulate both autophagy and apoptosis. Reactive oxygen species (ROS) not only trigger apoptosis 34 but are also essential for autophagy and specifically regulate Atg4 activity. 48 Increases in cytosolic-free Ca 2 þ concentration not only activate pro-apoptotic signals 49 but also potently induce autophagy by activating calmodulin-dependent kinase kinase. 50 Members of the beclin1 and Bcl-2 family serve as a point of cross-talk between the autophagic and apoptotic pathways. Beclin1, which is a mammalian autophagy gene, 51 was originally identified as a Bcl-2-interacting protein.
52 Beclin1 directly interacts not only with Bcl-2 but also with other antiapoptotic Bcl-2 family proteins such as Bcl-x L . 53, 54 Bcl-2 inhibits beclin1-dependent autophagy in yeast and mammalian cells. Cardiac Bcl-2 transgenic expression also inhibits autophagy in murine heart cells. 53 Mutation of the BH3 domain of beclin1 abolishes the Bcl-x L -mediated inhibition of autophagy triggered by beclin1. 55 Atg5 also constitutes a point of cross-talk between autophagic and apoptotic pathways. Although Atg5 promotes autophagy as a cytoprotective mechanism, Atg5 also has pro-apoptotic effects. Exposure to pro-apoptotic stimuli activates calpain, which cleaves Atg5. The truncated Atg5 translocates from the cytosol to the mitochondria and associates with the antiapoptotic molecule Bcl-x L , provoking apoptotic cell death. 56 However, the relationship between autophagy and apoptosis is still debated.
Activation of Autophagy by Hypoxia/Ischemia and Reperfusion
Organs and cells highly dependent on a continuous supply of oxygen prepare multiple adaptive responses against hypoxia or ischemia for their survival. These include metabolic adaptation to stimulate glycolysis while limiting oxidative phosphorylation, which helps with reducing oxygen consumption and producing ATP even in a low oxygen environment. Autophagy is among the important mechanisms of hypoxic adaptation and is perhaps one of the last resorts for the salvage of ATP in hypoxic cells and organs. 57 Amino acids and fatty acids recovered through autophagy are utilized for ATP production as long as the tricarboxylic acid (TCA) cycle is functioning.
Cardiac cells have a remarkable ability to survive hypoxia. For example, although the myocardium under chronic hypoxia exhibits reduced contractility -the condition termed myocardial hibernation -it can show a full recovery with little evidence of cell death when hypoxia is eased. 40 Hypoxia not only activates a series of cell survival mechanisms but also activates autophagy in the myocardium. 40, 58 An earlier study showed a correlation between the suppression of autophagy and the enhancement of myocardial injury in response to acute myocardial ischemia. 15 An inverse correlation was found between the occurrence of autophagy and apoptosis in the hibernating myocardium. 40 Thus, autophagy caused either by transient hypoxia or by chronic mild hypoxia may contribute to the survival of cardiac myocytes. At present, however, whether or not autophagy protects the heart from hypoxia has not been clearly demonstrated in vivo. Addressing this issue is important but may not be easy because attaining significant suppression of autophagy without affecting other cellular functions is a significant challenge. As severe ischemia causes profound depletion of ATP, thereby limiting the occurrence of autophagy as well as the activity of the TCA cycle, there may be a limit to the extent of hypoxia in which myocytes can activate functional autophagy. Because of a very limited availability of collateral vessels in the human heart, occlusion of the coronary artery induces nearly complete ischemia in the risk area. Thus, when complete occlusion of the coronary artery occurs, such as in the case of myocardial infarction in patients, autophagy may take place only transiently after coronary occlusion or at the border zone, where myocardium may obtain low levels of oxygen from the adjacent area through diffusion. These issues may limit conditions where autophagy can be protective against myocardial ischemia under clinical settings.
Although hypoxia alone generally induces modest autophagy, marked accumulation of autophagosome is observed at the reperfusion phase, and prominent upregulation of lysosomal enzymes is observed in the surviving myocardium after myocardial infarction. 15 These findings are paradoxical in that needs to salvage ATP should have been eased at the time of reperfusion. Importantly, histological evidence shows that the dying cells in the reperfusion area exhibit increases in autophagosomes/autolysosome formation. 26 In fact, many mechanisms favoring autophagy, such as oxidative stress, mitochondrial damages and ER stress, are activated during reperfusion. The absence of energy crisis and the coexistence of cell death make the property of autophagy during reperfusion distinct from that of hypoxia alone. It is important to note that the question of whether such cell death during the reperfusion phase reflects 'cell death with autophagy' or 'cell death by autophagy' remains to be controversial. 59 Autophagy during the reperfusion phase may protect cardiac myocytes by eliminating damaged organelles, such as mitochondria and protein aggregates, which would otherwise cause increases in oxidative stress and cellular dysfunction. However, the notion that autophagy can protect the heart during the reperfusion phase has not yet been clearly demonstrated in vivo.
Increasing lines of evidence suggest that autophagy may be involved in non-apoptotic cell death by ischemia/reperfusion. Thus far, this notion has gained more support in the field of brain ischemia. Focal cerebral ischemia (hypoxia) induces autophagy-like delayed cell death of neurons in the peri-infarct zone, termed the ischemic penumbra. 60 This type of cell death is accompanied by marked accumulation of autophagosomes/autolysosomes and enhanced expression of beclin1, suggesting that overactivation of autophagy may lead to cell death. In brain-specific atg7 KO mice, hypoxia/ischemiainduced cell death of pyramidal neurons was inhibited together with autophagy. 61 This is the first genetic evidence showing that autophagy regulates hypoxia/ischemia-induced death in neurons. Thus, autophagy could be a target of drug treatment to prevent neuronal cell death in stroke patients.
In the heart, both the number of autophagosomes and the size of myocardial infarction were significantly reduced in beclin1 þ /À mice after a period of ischemia followed by reperfusion, a procedure termed ischemia/reperfusion. 15 Neonatal and adult cardiac myocyte death induced by ischemia/reperfusion was also blocked in the presence of 3-methyladenine, or a knockdown of beclin1, in vitro. 62 These data suggest that activation of autophagy may be detrimental for the heart during ischemia/reperfusion. How the increased activity of autophagy, such as increased formation of autophagosomes and autophagic flux, leads to increased death of cardiac myocytes remains to be elucidated. Activation of cathepsin causes apoptosis through cleavage/ activation of caspases, 63 Bid 64 and SHP2. 65 When the permeability of lysosomal membrane is increased, the lysosomal enzymes could spread into the cytoplasm and stimulate massive self-digestion. Chemical inhibitors of cathepsins have been shown to protect the heart from reperfusion injury in experimental animals. 66 Lysosomal enzymes could be targeted for medical treatment of reperfusion injury.
Mechanism of Autophagy during Ischemia
Decreases in ATP concentration during myocardial ischemia increase the AMP/ATP ratio and activate AMP-activated protein kinase (AMPK) (Figure 4) . 15 AMPK senses the energy status through four tandem pairs of the cystathionine b-synthase domain in g-subunit and allosterically binds AMP. 67 AMP binding facilitates AMPK activation by upstream kinases, such as LKB1 and Ca 2 þ /calmodulin-dependent protein kinase kinase b. 68 In addition, LKB1 can phosphorylate the a-subunit of AMPK at Thr172 independently of AMP in response to hypoxia. 69 Earlier, we have shown that AMPK plays an essential role in mediating autophagy in response to myocardial ischemia/hypoxia. 15 AMPK inhibits mTOR, a negative regulator of autophagy, through phosphorylation of tuberous sclerosis complex 2 (TSC2) and stimulates autophagy possibly through inhibition of mTOR. Activation of AMPK causes inhibition of protein synthesis through phosphorylation of eukaryotic elongation factor-2 (eEF2), rather than inhibition of mTOR, in cardiac myocytes. 70 eEF2 is phosphorylated by eEF2 kinase, which stimulates autophagy. 71 Thus, ischemia-induced autophagy may be mediated through the AMPK-eEF2 kinase pathway rather than by the AMPK-induced inhibition of mTOR in the heart.
Hypoxia-inducible factor-1a (HIF-1a) is a transcription factor activated by low oxygen conditions during hypoxia/ ischemia or increased oxidative stress during ischemia/ reperfusion in the heart. Activation of HIF-1a reduces reperfusion injury in the heart. [72] [73] [74] Although HIF-1a has multiple mechanisms to protect the heart, 75 one of the most significant mechanisms particularly relevant for protecting the heart against ischemia/reperfusion could be its effects on cardiac metabolism. 75 Activation of endogenous HIF-1a stimulates the glycolytic pathway 76 and inhibits the TCA cycle 77 and fatty acid oxidation, 78, 79 which is beneficial for preserving ATP and reducing O 2 consumption during ischemia/reperfusion. 80 Interestingly, HIF-1a stimulates mitochondrial autophagy through upregulation of Bnip3 in mouse embryo fibroblasts. 81 Mitochondrial autophagy activated by the HIF-1a-Bnip3-dependent mechanism causes decreases in the volume of mitochondria, thereby preventing increases in oxidative phosphorylation as well as mitochondrial damage and eventual cell death. 81 However, as activation of Bnip3 during the reperfusion phase could independently stimulate cell death, whether or not autophagy induced by Bnip3 could be purely protective during hypoxia remains to be demonstrated.
The Mechanism of Autophagy during Reperfusion
Expression of beclin1 in the heart is dramatically increased in the reperfusion phase in the mouse model of ischemia/ reperfusion. 15 As heterozygous disruption of beclin1 significantly attenuates autophagy during the reperfusion phase, beclin1 is partially responsible for the upregulation of autophagy. 15 Strong upregulation of beclin1 by ischemia/ reperfusion is also observed in other tissues, including brain and kidney, and contributes to supra-physiological induction of autophagy. 60 As many BH3 domain-containing proteins are highly inducible, common mechanisms, such as HIF-1a for induction of Bnip3, may exist for induction of the BH3 domaincontaining protein family by ischemia/reperfusion. Upregulation of beclin1 after ischemia/reperfusion is suppressed by urocortin through activation of the PI3K/Akt pathway in cardiac myocytes, 62 which may protect the heart from excessive autophagy.
Production of ROS in mitochondria is dramatically amplified by a mechanism called ROS-induced ROS release when electron transport resumes during reperfusion. 82 ROS produces damaged proteins and organelles and lipid peroxidation in mitochondria, thereby promoting autophagy. 83, 84 Figure 4 Mechanisms and functions of autophagy during hypoxia/reperfusion in the heart As autophagy can target catalase for degradation, which in turn causes accumulation of H 2 O 2 , autophagy and oxidative stress can initiate a positive feedback mechanism and cause autophagic cell death. 85 ROS may stimulate autophagosome formation through direct oxidative modifications of the autophagic machinery. 85 For example, H 2 O 2 oxidizes a cysteine residue of HsAtg4, inhibits its cysteine protease activity and stimulates starvation-induced autophagy. 48 ROS also triggers autophagy through mitochondrial damage. For example, BH3-only proteins, such as Bnip3, induce MPT and mitochondrial damage, 86 which in turn stimulates autophagy. In Saccharomyces cerevisiae, alteration of the mitochondrial F0F1-ATPase complex triggers autophagy. 87 Some mitochondrial proteins, including Uth1 and Aup1, are involved in autophagic degradation of mitochondria. 88 Cellular stress under ischemia/reperfusion causes accumulation of misfolded proteins in the ER, the condition collectively called ER stress. Cells initiate a series of compensatory mechanisms termed the unfolded protein response to alleviate ER stress. 89 Accumulation of misfolded proteins, such as polyglutamine repeat (polyQ)72 aggregates, in the ER induces activation of RNA-dependent protein kinase-like ER kinase (PERK)/eukaryotic initiation factor 2a (elF2a), which in turn stimulates autophagy to degrade the polyQ72 aggregates. 90 Both eIF2a mutation and Atg5 deficiency increase the number of cells showing polyQ72 aggregates. 90 A direct connection may exist between the ER stress and the autophagy machinery. For example, beclin1 is primarily localized at ER and Atg1 has an elevated activity during ER stress-induced autophagy. 91 
Concluding remarks
Autophagy has evolved as a conserving process that uses bulk degradation and recycling of cytoplasmic components, such as long-lived proteins and organelles. In the heart, autophagy is important for the turnover of organelles at low basal levels under normal conditions and is upregulated in response to stresses such as ischemia/reperfusion and in cardiovascular diseases such as heart failure. According to the analyses of cardiac-specific Atg5-deficient mice, autophagy protects cardiomyocytes from pressure overload or from isoproterenol stimulation. Thus, autophagic features, which have been observed in failing hearts, appear to be a sign of failed cardiomyocyte repair.
The functional role of autophagy during ischemia/reperfusion in the heart is complex. It is possible that the extent of autophagy and its pathophysiological functions depends on the severity and duration of ischemia (hypoxia) and consequent tissue damage during reperfusion in the heart. The level of autophagy may determine whether autophagy is protective or detrimental in response to ischemia/reperfusion in the heart. It is also possible that an upstream signaling mechanism may determine the function of autophagy. For example, autophagy activated by AMPK may be protective, whereas that triggered by dramatic upregulation of beclin1 could be detrimental. However, whether or not functionally distinct forms of autophagy, presumably regulated by distinct signaling mechanisms, really exist is currently unknown. In the clinical setting, physiologically beneficial autophagy should be preserved, whereas excessive autophagy should be eliminated. Elucidation of the role of autophagy in mediating either cell survival or cell death during ischemia (hypoxia)/reperfusion, as well as when and how autophagy is manipulated, would have a significant impact on the treatment of ischemia (hypoxia)-related diseases.
